The recent development of methods that apply coalescent theory to phylogenetic problems has enabled the study of the population-level phenomena that drove the diversification of anthropoid primates. Effective population size, N e , is one of the main parameters that constitute the theoretical underpinning of these new analytical approaches. For this reason, the ancestral N e of selected primate lineages has been thoroughly investigated. However, for some of these lineages, the estimates of ancestral N e reported in several studies present significant variation. This is the case for the common ancestor of humans and chimpanzees. Moreover, several ancestral anthropoid lineages have been ignored in the studies conducted so far. Because N e is fundamental to understand historic species demography, it is a crucial component of a complete description of the historical scenario of primate evolution. It also provides information that is helpful for differentiating between competing biogeographical hypotheses. In this study, the effective population sizes of the anthropoid ancestors of the human-chimp lineage are inferred using data sets of coding and noncoding sequences. A general pattern of a serial decline of population sizes is found between the ancestral lineage of Anthropoidea and that of Homo and Pan. When the theoretical distribution of gene trees was derived from the parametric estimates obtained, it closely corresponded to the empirical frequency of inferred gene trees along the genome. The most abrupt decrease of N e was found between the ancestors of all great apes and those of the African great apes alone. This suggests the occurrence of a genetic bottleneck during the evolution of Homininae, which corroborates the origin of African apes from a Eurasian ancestor.
Introduction
The molecular phylogenetics of anthropoids, especially of the lineage leading to humans and chimpanzees, has been extensively studied since the birth of the field of molecular evolution (Sarich and Wilson 1967) . From the start, molecular data have challenged long-held assumptions on the chronology of anthropoid diversification and also presented a novel interpretation of the speciation process of our primate ancestors (Goodman 1967; Goodman et al. 1972) . The theoretical developments that followed the introduction of coalescent theory in the early 1980s (Kingman 1982) were also immediately applied to the problem of anthropoid evolution (Tajima 1983; Takahata and Nei 1985; Pamilo and Nei 1988) . In particular, the problem of the phylogenetic relationship of the Homo, Pan, and Gorilla genera was an extensively analyzed topic (Satta et al. 2000) . It became clear that the topological inconsistencies found among individual gene trees are not caused only by stochastic and systematic errors of gene tree reconstruction (Wu 1991; Hudson and Wu 1992) . The actions of population-level phenomena, such as incomplete lineage sorting, also result in differences between gene trees and the species tree (Nei 1987) .
This observation was largely ignored by molecular phylogeneticists in the 1990s, perhaps because of the limited amount of sequence data available at the time. The coming of the genomics era has renewed interest on the gene tree/ species tree debate, and several methodological tools have recently been developed (Edwards et al. 2007; Liu et al. 2008 Liu et al. , 2009 Edwards 2009 ). Most of these new methods rely on multispecies coalescence and, therefore, explicitly estimate population parameters such as effective population sizes (Rannala and Yang 2003; Heled and Drummond 2010) .
In this sense, effective population sizes (N e ) are necessary to understand the probability of gene trees given a species tree because the distribution of gene trees relies on knowledge of the number of coalescent units in internal branches, which are measured in 2N e generations (Degnan and Salter 2005) . Thus, a deeper understanding of primate phylogenetics relies on accurate estimates of population-level parameters. With this aim, several analyses based on multiple loci as well as whole genomes have been conducted within the last few years. The estimates obtained have exhibited a large variance among studies. For example, the effective population size of the ancestor of humans and chimpanzees has been inferred to be as low as 12,000 (Yang 2002) and as high as 96,000 (Chen and Li 2001) (table 1) . This discrepancy is frequently a consequence of the absolute substitution rates or generation times assumed when transforming the scaled effective population size in the effective number of individuals N e (Langergraber et al. 2012) .
Aside from the common ancestor of Homo and Pan, the effective population size of the ancestor of ((Homo, Pan), Gorilla) , that is, the African great apes, has also been investigated using multilocus approaches, and compared with the ancestor of Homo/Pan, the estimates are relatively more stable among studies (Rannala and Yang 2003; Hobolth et al. 2007; Burgess and Yang 2008) . Estimates of the effective population size of the ancestor of both Asian and African great apes were also obtained using multiloci and genomic data (Rannala and Yang 2003; Hobolth et al. 2011) . On the other hand, the ancestor of the hominoids, catarrhines, and anthropoids are rare (Burgess and Yang 2008) . Such estimates are necessary for the evaluation of primate phylogenetics in light of the multispecies coalescent process. In fact, phylogenetics is not the only research field that would gain insights from the knowledge of ancestral effective population sizes. Other pattern-based areas of investigation, such as historical biogeography, could also potentially resolve conflicting hypotheses using population-level parameters. For example, it was the union of phylogeny and evolutionary demography that elucidated the evolution of human populations (Novembre et al. 2008; Stoneking and Krause 2011) .
In this study, the effective population sizes of the lineages leading to humans and chimpanzees are estimated using inferred evolutionary rates and ancestral generation times. This strategy avoids the adoption of simplistic values of standard substitution rates and generation times. The evolutionary demography of the anthropoid ancestors of the Homo/ Pan lineage exhibited a general pattern of a continuous decrease of effective population sizes. The estimates of ancestral demography resulted in a close match between the expected and empirical distribution of gene trees along the genome. Finally, the use of ancestral population sizes to shed light on the historical biogeography of the great apes is discussed.
Results

Evolutionary Rates and Inference of Ancestral Generation Times
The phylogenetic analysis implemented in BEAST rendered a timescale of anthropoid evolution that estimated the Homo/ Pan separation at approximately 6.5 Ma in all three data sets ( fig. 1 ). The Gorilla divergence occurred at approximately 9 Ma, preceded by Pongo (~18 Ma), Nomascus (20 Ma), and Macaca (28 Ma). The root node, the separation between catarrhines and platyrrhines, was dated at approximately 54 Ma. The mean substitution rate of the data set with all codon positions was estimated at 0.5 Â 10 À9 substitutions/site/year (s/s/y), that for third codon positions of coding sequences was 0.9 Â 10 À9 s/s/y and for introns 1.0 Â 10 À9 s/s/y. The ancestral state reconstruction of generation times indicated that generation times increased gradually along the lineage that led to humans and chimpanzees ( fig. 1 ). The generation time of the Homo/Pan ancestor was 26.3 years. In the ((Homo, Pan), Gorilla) ancestral population it was inferred to be 21.2 years, whereas the generation time of the ancestor of the great apes was estimated to be 15.2 years and that of the Nomascus/great apes ancestral lineage 13.5 years. The generation times of the ancestral stock that gave rise to hominoids and cercopithecoids and to platyrrhines and catarrhines were inferred to be 10.5 and 8.7 years, respectively. The lengths of the credibility intervals of the estimates of ancestral generation times were wide. As expected by a Brownian motion process, the variance of the estimates increased from the shallowest to the root node of tree ( fig. 2 ).
Ancestral Effective Population Sizes
In the data set with all codon positions, the scaled effective size of the population of the ancestor of Homo and Pan was estimated to be 0.00142 for coding regions (table 2). The value rose to 0.00274 and 0.00457 with third codon positions and introns, respectively. This increase is expected, as the rate of evolution is higher in third codon positions and in introns. When multiplied by mean substitution rates and the inferred ancestral generation time (26.3 years), the effective population size of the Homo/Pan ancestor was calculated to range from 27,716 individuals using all codons of the coding region to 41,263 using only intron sequences (table 3) . The average number of substitutions per site in sequences since the complete genetic isolation of the human and chimpanzee lineages was inferred at 0.002 (complete coding regions), 0.0038 (third codon positions), and 0.00363 (introns) (table 4), which corresponds to calendar times of 4.1 Ma (complete and third positions) and 3.6 Ma (introns) if the mean mutation rates are assumed (table 5). 
HMM
The scaled effective population size of the ((Homo, Pan), Gorilla) ancestor varied from 0.00215 (all) to 0.00405 (third) (table 2). When mutation rates and ancestral generation times are used, the effective number of individuals was estimated at approximately 51,000 individuals in coding regions (all and third codon positions). In introns, this value decreased to 32,346 (table 3). After the divergence from Homo/Pan, the Gorilla lineage accumulated from 0.00284 (all) to 0.00579 (third) substitutions per site on average (table 4), which corresponds to a time interval of approximately 6.0 Ma (table 5).
In the lineage ancestral to all great apes, the estimates of the scaled effective population size varied from 0.00677 (all) to 0.01721 (introns) (table 2), which corresponds to an effective size of 144,483 to 272,098 individuals (table 3) . Speciation times between the Pongo lineage and other great apes varied from 10.9 to 13.8 Ma (table 5) .
Interestingly, the effective population size of the basal hominoid lineage, which represents the ancestral stock of the gibbon (Nomascus) and the great apes, was inferred to be smaller than that of the ancestor of the great apes alone. The scaled effective population size varied from 0.00297 to 0.00747 (table 2), which yielded from 108,333 to 133,014 individuals (table 3) . Speciation times varied from 14.7 to 16.9 Ma.
For the ancestor of hominoids and cercopithecoids, the effective size of the ancestral population at this branch was estimated at 284,619 to 465,250 individuals (table 3) , which is approximately three times larger than that of the ancestor of hominoids and Nomascus and twice the size of the basal hominoid ancestor. Finally, the effective size of the anthropoid ancestral population, the root node, was inferred to be close to 1,000,000 individuals and the speciation between catarrhines and platyrrhines to have occurred between 31.4 and 39.0 Ma (table 5) .
A global evaluation of the estimates indicated that, in the majority of cases, the 95% probability intervals of the posterior distributions of effective population sizes obtained from the three data sets presented overlaps ( fig. 3 ). This is most evident for the estimate of the population size of the ancestor of great apes and Nomascus ( fig. 3c ). With the exception of the ancestral N e of the ((Homo, Pan), Gorilla) lineage ( fig. 3e ), third codon positions resulted in the lowest estimates, followed by those obtained from the entire coding sequences. The only comparison that presented nonoverlapping posterior distributions was the estimates from third codon positions and introns of the ancestral N e of anthropoids ( fig. 3a ).
Theoretical Distribution of Gene Trees
The theoretical distribution of gene trees was obtained from a species tree in which the ancestral branch of humans and chimps measured 1.3 coalescent units. The ancestral branch of the African great apes was 3.7 coalescent units and was receded by branches with 0.7, 2.5, and 2.2 coalescent units for the ancestor of the great apes, the ancestor of hominoids and
Chronogram of the evolution of selected anthropoids. The timescale is the average of the estimates inferred in BEAST from the three data sets studied. Bars on nodes are the 95% highest probability intervals of the age estimates. Numbers on nodes are the estimates of ancestral generation times, also performed in BEAST.
39
The Effective Population Sizes of Ancestral Anthropoids . doi:10.1093/molbev/mst191 MBE the ancestor of Catarrhini primates, respectively. Using the parametric estimates obtained in BEAST and BPP, the most likely gene tree presented the same topology as the species tree (table 6). This same topology was also the most frequently recovered among the individual loci (30.7%). The next four most likely gene trees also matched the empirically estimated topologies. Apart from the correct topology, the theoretical distribution predicted that the topology with the (Pongo, Nomascus) clade would be the most likely (11.8%), followed by the topology that clustered Nomascus with the ((Homo, Pan), Gorilla) clade with the exclusion of Pongo (11.7%). The observed frequencies of these topologies were 7.7% and 7.2%, respectively. The topologies associated with alternative phylogenetic relationships within the ((Homo, Pan), Gorilla) clade were equally likely (4.9%) based on theory. This was also observed in the empirical data, in which the frequencies of the topologies were 7% and 6.9%. 4) . However, this trend was interrupted by a population expansion that occurred in the ancestral lineage of the great apes ( fig. 4) . The basal anthropoid lineage, that is, the ancestor of platyrrhines and catarrhines, was inferred to be 3.4 times larger than the lineage that gave rise to extant catarrhines alone (the divergence between Macaca and hominoids), which was approximately three times larger than the subsequent ancestral population (the ancestor of Nomascus and the great apes). There was then an expansion of 1.8 times in the ancestral lineage of the great apes followed by a drastic reduction of 4.7 times for the ancestor of humans, chimps, and gorillas. Finally, the effective population size of the ancestral lineage of Homo/Pan was approximately 70% the size of the ((Homo, Pan), Gorilla) ancestral population.
Of the parameters analyzed in this study, the size of the ancestral population of the Homo/Pan lineage is by far the 
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The Effective Population Sizes of Ancestral Anthropoids . doi:10.1093/molbev/mst191 MBE most studied. The parametric estimates obtained here, which ranged from 27,000 to 41,000, are in agreement with previous estimates of approximately 20,000 obtained by Rannala and Yang (2003) and 47,000 by Hobolth et al. (2011) . As those previous studies adopted different substitution rates and generation times for the ancestor of humans and chimps, different parametric estimates are expected to be found. The estimates of the effective population size of the ancestral lineage of humans, chimps, and gorillas were also similar to those obtained in the multilocus analyses of Yang (2002) and Rannala and Yang (2003) as well as the genomic analysis of Hobolth et al. (2007) . Thus, it appears that the effective sizes of ancestral lineages within the Homininae have not undergone drastic population changes. The estimates of N e obtained here for the ancestor of orangutans and the African great apes were very large. This is also corroborated by the recent analysis of Hobolth et al. (2011) , which estimated this parameter at 187,000. Therefore, a substantial reduction of population size between the common ancestor of orangutans and African great apes and the ancestor of the Homininae is independently validated. The estimates of the effective population size at the Gorilla/(Homo, Pan) ancestral branch are intriguing, because the coding sequences presented an absolute N e estimate greater than the estimate obtained with intron sequences (fig. 3e) . This result appears inconsistent, because introns are expected to be under relaxed selective pressures (Charlesworth 2009 ). Notice, however, that, in agreement with the theoretical expectation, the scaled effective population size, , of intron sequences at this branch was greater than the value inferred for coding sequences (table 2). The theoretically anomalous estimate was then obtained when transforming into absolute N e by employing an incorrect evolutionary rate at this branch (generation times were fixed). In fact, the intron sequences used in this study were not subjected to the molecular clock test because they were expected to evolve neutrally. As a result, the variance of evolutionary rates along branches was greater in the intron data set ( 2 = 0.009) when compared with coding sequences ( 2 = 0.006) and third codon positions ( 2 = 0.003). Therefore, it is likely that this unexpected result was due to the fact that the mean rate of the intron data set was not representative for every branch.
Regarding the inference of evolutionary rates and absolute times in BEAST, it should be remarked that the absolute times inferred are not equivalent to the speciation times (the parameter), because they were estimated from the mean genetic distances among species, which are, in fact, mean coalescence times of the loci studied (Edwards and Beerli 2000) . Thus, it is possible that the estimates of times and rates were impacted by this difference. However, the sequential reduction of the effective population sizes of anthropoids is actually independent of BEAST estimates, as the scaled effective population sizes also displayed this trend (fig. 4) . It might be argued that the times estimated in BEAST, which were used as priors for the coalescence analyses in BPP, may have biased the estimates of . The large difference between the posterior distributions of s and their priors obtained from BEAST indicates that the posteriors were robust to prior assumptions.
When estimates of ancestral population sizes are contrasted with the historical biogeography of anthropoids, an interesting association emerges. The drastic 5-fold decline in population size between the ancestral lineage of the great apes and the ancestral lineage of the Homininae coincides with a possible dispersal event from Eurasia to Africa in the late Miocene. Such a hypothesis evidently assumes that the geographical distribution of the ancestor of the great apes was Eurasian. This is supported by the recent analysis of Springer et al. (2012) , which is corroborated by earlier studies (Stewart and Disotell 1998; Begun 2010) . It has also been proposed that great apes originated in Africa and posteriorly dispersed to Asia (Moya-Sola et al. 1999 ). Although we cannot discard this hypothesis, the estimates of ancestral population sizes make it unlikely because a strong reduction of population size is not expected if the ancestor of great apes was also African. Moreover, because the Pongidae (represented in our analysis by Pongo) and the Hylobatidae (represented by Nomascus) are geographically distributed in Asia and the fossil record of the apes extends from Europe to Asia (Fleagle 2013) , it seems reasonable to assume that the ancestor of Homininae dispersed from Eurasia to Africa. Other events of population decline/expansion are not easily linked to historical biography because of the absence of a clearer picture of the spatial evolution of anthropoids.
It is worth mentioning that, although the parametric estimates obtained from the different data sets differed, the general scenario of a sequential reduction of N e along the lineage leading to humans and chimps was replicated ( fig. 4 ). This finding shows that the use of coding regions to estimate past dynamics of population sizes of ancestral species may not suffer from biases resulting from the action of natural selection. The correspondence between the frequency of the inferred gene trees and the theoretical distribution also suggests that the general scenario proposed here is a good approximation of the historical changes in Table 6 . Theoretical Probability of the Most Likely Gene Trees and Their Empirical Frequencies along the Loci Studied.
Gene Tree Topology
Theoretical Probability (%) Empirical Frequency (%) ((((((Homo, Pan) , Gorilla), Pongo), Nomascus), Macaca), Callithrix) 4 6 . 1 3 0 . 7 (((((Homo, Pan), Gorilla), (Pongo, Nomascus)), Macaca), Callithrix) 1 1 . 8 7 . 7 ((((((Homo, Pan), Gorilla), Nomascus), Pongo), Macaca), Callithrix) 1 1 . 7 7 . 2 (( ((((Homo, Gorilla) 
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The Effective Population Sizes of Ancestral Anthropoids . doi:10.1093/molbev/mst191 MBE effective population sizes. The theoretical distribution of gene trees assumes that each gene tree is an independent realization of the multicoalescent process (Degnan and Salter 2005) . This assumption is not met in real data because genes may be physically linked. Moreover, a comparison between empirical and theoretical distributions of gene trees does not account for the errors associated with gene tree inference, a problem that is also found in methods that estimate ancestral effective population sizes using topological incongruence (Yang 2002) . Thus, differences between theoretical and empirical frequencies are expected to occur. As reported by Rannala and Yang (2003) , the estimation of ancestral N e is complicated by the high correlation between the scaled effective population size and speciation time . In this study, the correlation between those parameters was indeed high, varying from À0.8 between Homo/pan and Homo/pan (third codon positions) to À0.5 between Pongo and Pongo (all coding sequences). Such high correlation values could be alleviated by the adoption of strong prior distributions. However, this would also assume a large a priori knowledge of the parameters we are interested in estimating. This approach sounds contradictory. This is why the posterior distributions of branch lengths, obtained by the phylogenetic method, were used.
In conclusion, this study indicated that the lineage from the ancestor of all anthropoid primates to the ancestor of humans and chimps has undergone a serial reduction of effective population sizes. This pattern is corroborated by the frequency of tree topologies inferred from the coding regions sampled across the primate genomes. Of the inferred past population scenarios, the most drastic change was the approximately 5-fold reduction in effective population size between the ancestor of the Asian and African great apes and the ancestor of African great apes alone, suggesting that the Homininae diversified after a dispersal event from a Eurasian ancestor. Finally, the results presented here demonstrate the relevance of phylogenetic approaches that explicitly incorporate the coalescent process to investigate long-term evolutionary events.
Materials and Methods
To obtain estimates of the absolute ancestral population sizes of Anthropoidea, a two-step strategy was adopted. First, the phylogenetic method implemented in BEAST was used to obtain prior distributions of node ages (million years ago, Ma) and evolutionary rates (in s/s/y) at branches. BEAST was also used to infer the ancestral generation times (years) (step I).
Step II consisted of the estimation of ancestral effective population sizes in the BPP software using the multispecies coalescent method of Rannala and Yang (2003) . Ancestral effective population size inference is performed using evolutionary distances; therefore, N e estimates are scaled by the substitution rate per generation g -the parameter ( = 4N e g). To obtain the effective number of individuals, N e , absolute evolutionary rates per generation must be provided. A summary of the entire analysis is given in figure 5.
Data Set
A total of 9,225 orthologous genes of Homo, Pan, Gorilla, Pongo, Macaca, Nomascus, and Callithrix were downloaded from the OrthoMam database. Only coding sequences (CDS) were downloaded from OrthoMam. Introns of the same 9,225 genes were independently obtained by parsing the genomes available in Ensembl using a Perl script. The estimation of ancestral effective population sizes assumes that evolutionary rates are homogeneous along the branches of the phylogeny, that is, the locus evolves under the molecular clock. Thus, alignments of all coding sequences were subjected to a likelihood ratio test (LRT) to verify which loci rejected the molecular clock hypothesis (Felsenstein 1988) . When testing for the molecular clock, the best fit evolutionary model was assigned to each alignment according to the model test implementation of HyPhy (Pond et al. 2005) . In coding sequences, only genes that failed to reject the strict clock at 5% significance level were further analyzed (1,401 genes). An additional data set containing only third codon positions of the clock-like genes was assembled. This was done to reduce the effect of selection on sequences. The alignments of intronic regions were not submitted to molecular clock tests. Thus, evolutionary parameters were inferred for three data sets: 1) clock-like coding sequences, 2) third codon positions of clock-like coding sequences, and 3) introns of all genes analyzed. Step I-Estimation of Node Ages, Evolutionary Rates, and Ancestral Generation Times Divergence time estimation was performed in BEAST v1.7.3 (Drummond et al. 2012 ) using the Bayesian relaxed molecular clock. Clock-like genes were concatenated in supermatrices with 1,673,634 bp (all codons) and 557,878 (third codon positions). The supermatrix of concatenated introns was 4,417,078 bp long. In all supermatrices, the model of nucleotide substitution was the GTR + G4 + I model, which was chosen by LRT in HyPhy (Pond et al. 2005) . The prior distribution of rates along branches was modeled by the uncorrelated lognormal distribution, and the prior distribution of node ages was modeled by the Yule process. To approximate the posterior density of parameters, BEAST relies on the Markov chain Monte Carlo (MCMC) algorithm. The MCMC was run for 50,000,000 generations, and chains were sampled every 1000th cycle. The analysis was run twice to check for convergence.
Calibration Information
To calibrate the tree, four prior distributions were assigned to node ages. 1) The Homo/Pan split was calibrated by a normal prior with mean = 8.25 Ma and standard deviation (SD) = 0.9. This prior was based on Benton and Donoghue (2007) ; the mean was the average of the maximum and minimum ages for split, and the SD was set so as to contain the minimum and maximum values within the 99% highest probability density (HPD) interval. 2) The divergence between Pongo and the great apes was constrained by a gamma prior with shape = 15 and scale = 1, corresponding to an HPD interval from 9.2 to 21.9 Ma. This calibration was based on the fossil records of Lufengpithecus, Sivapithecus, and Khoratpithecus from the Miocene of Asia (Hartwig 2002; Chaimanee et al. 2003 Chaimanee et al. , 2004 . A gamma prior was used on the Pongo split because of the large uncertainty associated with the maximum age of the node. 3) The Cercopithecoid/Hominoid split, a normal prior with mean = 28.45 and SD = 3.4, was entered based on Benton and Donoghue (2007) and followed the same rationale applied to the Homo/Pan split. 4) Finally, the Platyrrhini/ Catarrhini divergence was modeled by a normal prior with mean = 40 Ma and SD = 7 Ma. This is a flexible prior that permits the age of the basal anthropoid to vary from 27 Ma, the age of Branisella boliviana, the earliest Platyrrhini fossil (Takai and Anaya 1996) , to the Paleocene (~60 Ma)-the age of the early Primates (Fleagle 2013 ).
Reconstruction of Ancestral Generation Times
The reconstruction of ancestral generation times was performed simultaneously with the divergence time estimation in BEAST. For the terminal taxa, the values were obtained from the literature. The generation times of Homo (29.1 years), Pan (24.63 years), and Gorilla (19.28 years) were set according to the recent work of Langergraber et al. (2012) . The generation times of Pongo (15.4 years), Nomascus (8.4 years), Macaca (3.4 years), and Callithrix (1.4 years) were borrowed from Shumaker et al. (2008) and Ernest (2003) . Ancestral state reconstruction was performed using a multivariate continuous relaxed random walk (Lemey et al. 2010 ), which assumes a Brownian diffusion model that accommodates branch-specific variation in dispersal rates. Thus, for example, instead of assuming that the generation time of the ancestor of Homo and Pan was a simple arithmetic average between the values at the terminals (29.1 and 24.63), the model weights the ancestral generation time inference by the rates associated with the both branches that split from the ancestor node. Therefore, the use of arithmetic averages would imply equal probability of dispersal of the ancestral generation time to the value of the tips, while the relaxed random walk permits the dispersal of the ancestral value to be proportional to the rates associated with each branch.
Step II-Estimation of Effective Population Sizes
The scaled effective population sizes of ancestral hominoids were estimated with BPP 2.1 software, which implements the method of Rannala and Yang (2003) and Burgess and Yang (2008) . Coding sequences were analyzed individually. Introns of the same coding sequence were concatenated to compose a single intronic sequence per gene. The decision of whether a locus was autosomal, mitochondrial or from the X or Y chromosome was based on the position of the marker in Homo sapiens. The variation of substitution rates among loci was incorporated into the analysis by using relative rates, as implemented in Burgess and Yang (2008) .
The BPP software program also conducts a Bayesian inference with a MCMC algorithm. Markov chains were run for 50,000,000 generations and sampled every 1,000th cycle. The analysis was replicated to check for convergence. BPP requires the definition of prior distributions for the age of the root (), that is, the age of the split between Callithrix and catarrhines, and the parameter. The parameter is a measure of the speciation time per se, that is, the time of the separation between populations, and not the mean genetic divergence between sister lineages, that is, the mean coalescence time of interspecies gene pairs, which is the genetic distance traditionally obtained in usual phylogenetic analyses (Edwards and Beerli 2000) . Nevertheless, is also measured in number of substitutions per site. Because the mean number of substitutions per site in a given branch is the product of the substitution rate per site per year and the time duration of the branch in years, the prior for was obtained by calculating the product of the posterior distributions of absolute substitution rates and the age of the divergence between Callithrix and catarrhines (the root node) inferred in BEAST. This posterior distribution, the result of the product of times and rates, was approximated by a gamma distribution using the MASS package of the R programming environment. This strategy rendered the following gamma priors: G ( = 464.06, = 17859.16) for the analysis of all codon positions, G ( = 918.32, = 18,207.95) for third codon positions, and G ( = 963.71, = 16,199.36) . It should be noted that the strategy used to obtain the prior for did not actually measure speciation times; it is a measure of the mean coalescence time T of the genes (in s/s/y). The larger the ancestral effective population size, the larger is the expected difference between T and . In the absence of an informative prior for , the distribution of the average coalescence time is the best guess from the data available. In both data sets, a gamma distribution G ( = 2, = 200) was assigned as prior for .
Calculation of Gene Tree Probabilities
When the estimates of ancestral effective population sizes, speciation times, and generation times are known, the calculation of the probabilities of gene trees given the species tree can be carried out (Degnan and Salter 2005) . The theoretical probability distribution of gene trees for a given species tree can then be compared with the collection of gene trees inferred from several loci across the genome. If the estimates of ancestral population sizes are correct, we expect the theoretical distribution of gene trees to closely match the empirically determined gene trees. The theoretical distribution of gene trees was obtained using COAL 2.1, which requires as an input a species tree with internal branches measured in coalescent units (2N generations). To create such a tree, the time duration of the branches (in generations) must be divided by twice the effective population size (Degnan and Rosenberg 2008) . Therefore, the ancestral population sizes and speciation times previously estimated in BPP, as well as the ancestral generation times, were used. Effective population sizes and speciation times were averaged across the three data sets.
